ABSTRACT. In this study, the microstructure of the cornea was compared among chickens (Gallus gallus), jungle crows (Corvus macrorhynchos), rats (Rattus norvegicus) and rabbits (Oryctolagus cuniculus). The density of keratocytes in the mammals was over 3 times that in the birds. The size of the keratocytes in the birds and rat were significantly lower than those in the rabbit. Using scanning and transmission electron microscopy, the bundles of collagen fibers in the birds were found to be well arranged, while those in the mammals were arranged randomly. The collagen lamellae of the birds were significantly thicker than those of the mammals, and the numbers of collagen lamellae in the birds were significantly smaller than in the mammals. The center-to-center distances between the collagen fibrils of the chicken and rabbit were significantly larger than those of the crow and rat. The densities of collagen fibrils in the chicken and rabbit were significantly less than those of the crow and rat.
In most mammals, the majority of the ultra violet (UV) wavelength is absorbed at the level of the cornea and the lens, and only a minor amount (<1%) reaches the retina [11] . Light transmittance in the ocular media of the living rabbit decreases rapidly for shorter wavelengths, and is 50% at 400 nm and less than 1% at 380 nm [1] . In contrast, transmission of the ocular media of the pigeon is maintained at or above 50% into the near-UV at 310 nm [9] . In addition, some differences of light transmittance in the UV range of the cornea have been demonstrated between birds and mammals.
Corneal transparency results from the regular interfibrillar spacing of collagen fibers of remarkably uniform diameter [29] . Light scattering in the cornea increases if order in the spatial arrangement of the fibrils is destroyed, or if fibril diameters and fibril number density increase [28] . The process of the assembly and formation of collagen fibrils involves the activity of some proteoglycans [2, 16, 28, 29] .
Keratocytes, known as corneal fibroblasts, are embedded in the corneal stroma. One of the roles of the keratocyte is the maintenance of normal corneal transparency [33] . Keratocytes contain corneal crystallins, such as aldehyde dehydrogenase (ALDH), which are highly expressed proteins that contribute to the transparent nature of the cornea [20] [21] [22] 33] . Keratocytes are normally quiescent, but they can readily respond and transition into repair phenotypes following injury [33] .
Microstructures, such as collagen fibers, and keratocytes in the corneal stroma are involved in light permeability.
Differences in the light transmittance of the cornea between birds and mammals may reflect differences in the microstructure and keratocytes in the corneal stroma. In this study, microstructures in the corneal stroma of chickens (Gallus gallus) and jungle crows (Corvus macrorhynchos) were compared with those of rabbits (Oryctolagus cuniculus) and rats (Rattus norvegicus).
MATERIALS AND METHODS

Animals:
All animals were maintained under the guidelines for the Care and Use of Laboratory Animals at Utsunomiya University. Jungle crows were caught by traps set in Niiza city and at the Experimental farm of Utsunomiya University located in Moka city. The trapping of crows was permitted by Niiza city (Permit for the catching of wild animals No. 01-02) and by Tochigi prefecture (No. 0010). Chickens were obtained from the Tochigi Prefectural Livestock Experiment Station. Rats and rabbits were obtained from Saitama Experimental Animals Supply Co., Ltd. A total of 10 chickens (male and female adults, weighing 1,500-2,000 g), 10 jungle crows (male and female adults, weighing 550-750 g), 10 rats (male and female adults, weighing 200-250 g) and 10 rabbits (male and female adults, weighing 1,200-3,000 g) were used for the experiments.
The animals were euthanized by an overdose of pentobarbital sodium (50 mg/kg bodyweight). Corneas were collected immediately after the eyes were removed from the animals. Six of 10 left corneas were used for other studies, 6 of 10 right corneas were used for observation by light microscopy with Azan staining, 4 of 10 left corneas were used for observation by scanning electron microscopy (SEM, TM-1000, HITACHI, Japan), and 4 of 10 right corneas were used for observation by transmission electron microscopy (TEM, H-800, HITACHI, Japan).
Observation by light microscopy with Azan staining: Six corneas from right eyes of each species were immersed in 10% formalin in 0.1 mol/L phosphate buffer for 1 week. The corneas were washed with running water for a day, dehydrated in an alcohol series, and embedded in paraffin.
Serial sections were cut at a thickness of 4 m in a horizontal plane at intervals of 40 m using a microtome (Sakura sledge microtome IVS-400; Sakura Seiki, Tokyo, Japan), and were mounted on glass slides.
After deparaffinization, mounted sections were incubated in Mallory's azocarmin G solution (Muto Pure Chemicals, Tokyo, Japan) at 40C for 40 min. After the sections were immersed in aniline alcohol (90% alcohol with 0.1% aniline (Sigma, Tokyo, Japan)), the nuclei and borders of cells were identified periodically under a microscope and the sections were treated with acetic acid alcohol (95% alcohol with 1% acetic acid (Kanto Chemical, Tokyo, Japan)). The sections were rinsed in distilled water, immersed in 5% 12 tungsto (VI) phosphoric acid n-hydrate solution (Wako Pure Chemical Industries, Osaka, Japan) for 90 min, re-rinsed in distilled water, stained with Mallory's aniline blue-orange G stain solution (Muto Pure Chemicals) for an hour, and rerinsed in distilled water. The sections were dehydrated in an alcohol series, cleared with xylene, and coverslipped with mounting medium (MGK-S, Matsunami Glass Industries, Osaka, Japan).
Microphotographs of the central part of the sections were obtained using a digital camera (DP20, Olympus, Tokyo, Japan). The numbers of the keratocyte per 900 m 2 from 50 randomly selected sites were counted in 3 regions of the corneal stroma: anterior (Ant), middle (Mid) and posterior (Post). The standards of these regions in every section were based on a trisected region of the stroma measured using Image J software (NIH, U.S.A.). The densities of keratocytes were converted to a value of cells/mm 2 . Furthermore, the areas of 100 keratocytes were selected randomly and counted using Image J software.
Observation by SEM: Four corneas from the left eyes of each species were immersed in 2% glutaraldehyde for 24-48 hr. After paraffin embedding of the corneas described above, the corneal surfaces were cut coronally toward the center (400-500 m from the superficies in chicken and crow, 150-200 m in the rat and 500-600 m in the rabbit) of the stroma using a microtome. The specimens were deparaffinized by immersing in xylene for 5-48 hr, followed by 100% alcohol. The specimens were dried and the surfaces were observed under the SEM. Micrographs of the surfaces were obtained at 100-5,000X magnification.
Observation by TEM: Specimens of 2 mm 2 were cut from the central region of 4 corneas from the right eyes in each animal. These specimens were fixed in 2% glutaraldehyde for 12-24 hr, followed by a 1% osmic acid solution 1 hr. The specimens were dehydrated in an alcohol series, passed through propylene oxide and embedded in Epon 812.
Ultrathin sections (90 nm thick) were cut using an Ultracut S ultramicrotome (Reichert-Jung Optische Werke AG, Wien, Austria) equipped with a diamond knife (Diatome, U.S.A.). The sections were placed on 200 mesh copper grids, stained with 2% uranyl acetate in 50% ethanol and post-stained with 0.2% lead citrate. The sections were observed by TEM under an accelerating voltage of 100 kV at 5,000-50,000X magnification. To calibrate the images, microphotographs of the sections were scanned at 400 dpi using a scanner (GT X-700, Epson, Japan).
The number of collagen fibrils within 20 m in the section and the thickness of the collagen lamellae were measured from 10 sections of each species. The pure circle fibrils selected randomly on cross-section from each species, the diameters of 200 collagen fibrils, the number of fibrils per 0.16 m 2 from 50 sites, 200 center-to-center distances and 50 areas of spaces between fibrils were measured. The measurements of these parameters were performed using Image J software.
Statistical analysis: Differences in the densities of the keratocytes among the 3 corneal regions (Ant, Mid and Post) were analyzed using two-way ANOVA, followed by Tukey test. Furthermore, the other parameters were also analyzed using one-way ANOVA, followed by Tukey test.
RESULTS
The density of keratocytes in the stroma of the cornea in chickens and crows was significantly less than that in rats and rabbits (p<0.05, Fig. 1a , c, e, g, Table 1 ). In addition, the density of keratocytes in the stroma of the cornea of rats was significantly less than that of rabbits (p<0.05, Fig. 1e , g, Table 1 ). Furthermore, the distribution of the keratocytes in the stroma was different between birds and mammals. Most of the keratocytes in chickens and crows were concentrated in the anterior region of the corneal stroma (p<0.05, Fig. 1a , c, Table 1 ). Although those in rats and rabbits indicate a similar tendency, they were distributed evenly throughout the whole of the corneal stroma (Fig. 1e, g, Table 1 ). Additionally, the cell size of keratocytes between rabbits and the other species showed a difference. The keratocytes of rabbits were significantly larger than those of the other species (p<0.05, Fig. 1b, d , f, h, Table 1 ). The keratocytes of rats and birds were similar in size, although the area of the stroma of rats was much smaller than those of birds (Fig. 1b,  d , f, Table 1 ).
There was a difference in the arrangement of bundles of collagen fibers between birds and mammals. Coronal sections observed by SEM showed that the bundles of collagen fibers in crows and chickens were arranged in a grid-like structure (Fig. 2a, b) , while those in rats and rabbits were arranged randomly (Fig. 2c, d) .
Ultramicrostructures photographed by TEM showed that the collagen bundles were alternately cross sectioned and longitudinally sectioned in the birds (Fig. 3a, b, e, f) . On the other hand, in the rats and rabbits, the collagen bundles were cross sectioned, longitudinally sectioned and obliquely sec- tioned and arranged in a random order (Fig. 3c, d, g, h) . Furthermore, the collagen lamellae of the birds were significantly thicker than those of the mammals (p<0.05, Fig. 3a -h, Table 2 ), and the number of fibrils in the collagen lamellae of the birds were significantly smaller than those of the mammals (p<0.05, Fig. 3a -h, Table 2 ). There were no significant differences observed in the average diameters of collagen fibrils between the birds and mammals (Fig. 3i-l , Table 2 ). The center-to-center distances between collagen fibrils of the chicken and rabbit were significantly longer than those of the crow and rat (p<0.05, Fig. 3i -l, Table 2 ). The densities of collagen fibrils of the chicken and rabbit were significantly less than those of the crow and rat (p<0.05, Fig. 3i -l, Table 2 ).
DISCUSSION
In our study, the density of keratocytes in mammals were over 3 times that in birds. Upon corneal injury, keratocytes are stimulated to undergo cell death or to lose their quiescence and transition into repair phenotypes [12, 33] . These repair phenotypes either promote regeneration or induce fibrotic scar formation, the latter of which is detrimental to the transparency of the cornea [12, 33] . The maintenance of corneal transparency in mammals by keratocytes may be more active than that in birds.
Most mammals, including humans, do not possess UV vision because the maximum absorbance of the visual receptors in the retina of most mammals are not within the UV range [13, 17] . In contrast, most birds and the rat have UV vision because they possess a cone cell sensitive to UV in their retina [5, 8, 14, 18] . The maximum absorbance of the shortest-wavelength pigment in many species has been examined using a microspectrophotometer [3, 4, 6, 7, 19, 24, 25, 32] . The cornea of animals with UV vision may be exposed to UV rays more frequently than that in animals without UV vision. The cellular damage from UV in the cornea of the birds and rat may be more severe than that in the rabbit. However, our results showed that the size of the keratocytes maintaining transparency in the birds and rat were smaller than that in the rabbit. Corneal crystallins such as ALDH, which have been shown to protect against UV and oxidative stress induced apoptosis, are expressed abundantly in keratocytes [10, 20, 23, 26, 31] . The protein expression of crystallins in keratocytes of the birds and rat may be more abundant than that in the rabbit and not be dependent on the size of the keratocyte. Cytokines and other growth factors contribute to the activation of keratocytes at the site of injury [33] , and there may be unknown mechanisms for repairing tissues in birds.
In our observation of the bundles of collagen fibrils by SEM and TEM, the collagen fibrils in birds were well ordered, while those in the mammals were arranged randomly. The arrangement of materials affects the light transmission [15] . Irregular materials result in increased light scattering over that of well ordered materials, and shorter wavelengths are influenced by the arrangement of materials to a greater extent than longer wavelengths [15] . The measurements by McLaren and Brubaker [27] and Emmerton et al. [9] showed that light transmittance in the UV range in the cornea of birds may be higher than that in mammals because the cornea of birds shows more ordered collagen fibers than that in mammals.
The light angle changes when passing through different materials [15] . The number of collagen fibrils over the same distance of collagen lamellae in the mammals was significantly larger than those of the birds. Multidirectional light refraction in the cornea of mammals may be caused by the large number of corneal lamellae.
The collagen lamellae of the birds were significantly thicker than those of the mammals. Thicker materials cause greater light refraction [15] . The collagen lamellae in the peripheral portion of the cornea in dogs is thicker than those in the central portion [30] . Therefore, light refraction in the peripheral portion of the cornea may be stronger than that in central portion. Light refraction in cornea of birds, which have thicker collagen fibers, may be greater than that in mammals.
In this study, the center-to-center distances between collagen fibrils of the chicken and rabbit were significantly longer than those of the crow and rat. The densities of collagen fibrils of the chicken and rabbit were significantly less than those of the crow and rat. The reasons for these differences between the chicken and crow are unknown. Some proteoglycans, which are involved in the process of the assembly and formation of collagen fibrils [2, 16, 28, 29] , may be different quantitatively and qualitatively between these two species.
